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NBOAbstract Relative energies and optimized structures of uracil tautomers and their complexes with
silver ions were obtained using B3LYP calculations and more properties were investigated using
AIM and NBO calculations. The interactions between all uracil tautomers and silver ions in differ-
ent ways were investigated. Nine tautomers for uracil (U) and twenty U-Ag+ complexes were con-
sidered in this study. The IR spectra for three most stable tautomers and complexes were
graphically presented, showing signiﬁcant differences between their spectra. Analyzing the IR spec-
tra of tautomers and complexes revealed that the frequency of C‚O p-bond near the silver ion
increases and it decreased while being away from the silver ion. The di-keto tautomer (pyrimi-
dine-2,4(1H,3H)-dione) is the most stable tautomer but their complexes with silver ions are not
the most stable because they are coordinated to silver ions only via oxygen atom. Moreover, bind-
ing energies in the gas phase and different solvents were obtained. In all solvents except water, with
the increase of the solvent’s dielectric constant, the binding energy decreased. A linear-like relation-
ship was found between the binding energies in all solvents and in the gas phase and the frequency
of stretching vibrations of U-Ag+. AIM (based on atom in molecular theory) values at the critical
points conﬁrm the effective interaction between silver ions and oxygen or nitrogen atoms of uracil
tautomers. Natural bond orbital (NBO) calculations were employed to obtain the interaction ener-
gies for the charge transfer between uracil tautomers and silver ions. At last, UV–Vis absorptions
and NMR chemical shifts of two most stable tautomers and complexes were calculated and com-
pared with experimental data.
ª 2012 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Uracil and its 5-methyl derivative along with thymine, adenine,
cytosine and guanine are important structural parts of RNA
and DNA. These molecules are well known as nucleic acid
bases (NABs). RNA and DNA are two important macromol-
ecules that are essential for all known forms of life. The inter-
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their ﬂexible activities in living organisms. The structure and
properties of RNA and DNA have attracted attention of scien-
tists due to their importance in biological systems and their
applications as one-dimensional nanowires (Matsui et al.,
2011). Moreover, NABs are of interest for scientists because
of their useful applications in surface-enhanced Raman spec-
troscopy (SERS) (Huang et al., 2011; Maruyama et al.,
2001) and their versatility in tautomerism (Cho et al., 2005),
which have been considered in the scientiﬁc studies since
30 years ago (Buda and Sygura, 1983; Scanlan and Hillier,
1983).
To continue our interest on the tautomerism in organic com-
pounds (Tavakol and Arshadi, 2009; Tavakol, 2010, 2011a,b),
we have focused on the tautomerism inNABs, especially on ura-
cil. Uracil (Lehninger et al., 1993) has attracted the attention of
many researchers, especially because of its tautomerism (Jalbout
et al., 2007; Tian et al., 1999). Tautomerism in uracil is a very
important phenomenon because of being related to the muta-
tions developing during RNA replications. Uracil should adopt
its tautomeric form to be in complementary conformation to its
contrary NAB (adenosine) in the Watson–Crick model of the
RNA helix. Moreover, the tautomerism of uracil can affect its
binding properties with nanomaterials (Mirzaei et al., 2011)
and metal ions (Miyachi et al., 2010). Therefore, the tautomer-
ism of uracil has been the subject of some experimental and the-
oretical studies (DeMember and Wallace, 1975). Moreover,
reviewing the literature revealed that uracil tautomers have been
considered by scientists for studying their anion spectroscopy
(Schiedt et al., 1998), stabilization (Bachorz et al., 2005), vibra-
tional spectra (Ten et al., 2010), excited state (Zhang et al.,
2005), solvent effects (Rejnek et al., 2005), hydrogen bonding
(Daubkowska et al., 2002), interaction with water (Kryachko
et al., 2001) and coordination properties (Escorihuela et al.,
2004).
Since a large number of theoretical and experimental stud-
ies have focused on the tautomerism in uracil, this paper
focused on the interaction of uracil tautomers with silver ions.
This process was an interesting subject because one of the
interesting approaches to modify the properties of NABs is
coordinating metal ions to them. More importantly, hydrogen
bonding in uracil and other NABs and the interactions be-
tween NABs and metal ions are probably the most important
intramolecular interactions and the tautomeric forms of uracil
can affect these two interactions. Therefore, the relative stabil-
ities of the uracil tautomers and their interaction with metal
ions are of fundamental importance for their structure. Fur-
thermore, the interaction between metal ions and biomolecules
(Sigel, 1993) like NABs is of great importance in all sciences
because these interactions are commonly observed in biologi-
cal processes and investigation of these interactions can help
to getting more insights about biological processes. Some of
the important applications of uracil such as SERS effect and
potentiometric application (Lin et al., 2009) arise from its
interaction with metals. Although, binding NABs to some met-
als showed anti-cancer properties (Jiang and Zhou, 2011). The
interactions of NABs with metal ions take place in various
ways such as distortion of the structure of duplex and coordi-
nation of nitrogen or oxygen atoms. In recent years, the intra-
molecular interactions have been studied by scientists. For
example, the metal–metal interactions (Sun et al., 2011a,b;
Singh et al., 2011) and complexes between metal and organiccompounds, especially silver–alkene (Burgess and Steel,
2011) and silver–carboxylic acid (Sun et al., 2011a,b), have
been investigated. Among all of the metal ions, silver ion
(Verma et al., 2010) is one of the most common metals to make
strong interactions with organic compounds. In the past, the
interactions of silver ions with biological systems (Woong
et al., 2012; Mahato et al., 2011; Murphy et al., 2011), dyes
(Uppal et al., 2011) and cyclodextrine nanocavities (Das
et al., 2010) were studied. The ﬁnal report discussed the
important topic in targeted drug delivery systems. Silver and
its nanoparticles are very important species with a large
number of applications including spectrally selective coating
(Rand et al., 2004), surface enhanced Raman scattering
(Yamamoto and Watarai, 2006) and especially antibacterial
activity (Pal et al., 2007). However, silver ions also appear to
have harmful effects that include the production of reactive
oxygen species, DNA damage, inhibition of physical indicators
and genetic damage (Roh et al., 2009). Its complex with
heterocyclic carbene complexes has indicated anticancer prop-
erties (He et al., 2011; Siciliano et al., 2011). Recently, silver
nanoparticles along with reactive oxygen have been used as
charging–discharging systems (Wang et al., 2011). However,
it is well known that the interaction between silver ions and
cyclic imides such as uracil is a common event in photographic
chemistry (Land et al., 1958). Therefore, the study of interac-
tion between uracil and silver ions should be interesting. In
the related literature, there are only some reports on the exper-
imental and theoretical interaction of silver ions with adenine
tautomers (Cheng et al., 2006; Mishra et al., 2010). In addition,
a brief experimental and theoretical study of a simple uracil-
Ag+ system was reported (Kubota and Kobayashi, 1996).
It was supposed in this paper that there are some stable
complexes between uracil and silver ions. Moreover, experi-
mental determination of binding interaction in these complexes
is sensitive to the condition of experiment. Thus, the theoretical
study of this interaction is useful for understanding the circum-
stantialities of this interaction. In this line, considering various
tautomers of uracil and the solvent effects could also be worked
out clearly. In this work, the calculations are done to reach to
three aims. The ﬁrst aim is to optimize stable tautomers of ura-
cil and their complexes with silver ions in order to ﬁnd molec-
ular parameters and vibrational spectra of uracil tautomers and
U-Ag+ complexes. The second aim is to determine the interac-
tion parameters and relative energies of complexes between sil-
ver ions and different uracil tautomers and the third aim is to
determine solvent effects on these interactions. The details of
computations and results are presented below.2. Methods
Density functional theory (DFT) has been widely used in the-
oretical chemistry for studying chemical systems during the
past 30 years (Bhan et al., 2003; Rozanska et al., 2003). In this
work, geometry optimization and other calculations (all calcu-
lations) were carried out at B3LYP calculations using 3-21G
basis set for silver atoms and 6-311++G** basis set for other
atoms (C, H, N and O) (Becke, 1993; Lee et al., 1988). The
B3LYP method was validated to give results similar to those
of the more computationally expensive MP2 theory for molec-
ular geometry and frequency calculations (Johnson et al., 1993;
Bauschlicher and Partridge, 1995). Gaussian 09 program
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structures and calculation of molecular properties. The ab-
sence of imaginary frequency veriﬁed that structures were true
minima at their respective levels of theory for each tautomer.
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Figure 1 General structures of nine tautomers of uracil.3. Results and discussion
3.1. Optimized structures and energies of uracil tautomers
First, all uracil (U) tautomers were optimized and their relative
energies and molecular parameters were extracted. Nine tau-
tomers for uracil (U1–U9) and twenty U-Ag+ complexes (ob-
tained from the interaction of uracil tautomers with silver ions)
were considered in these calculations. In the previous studies,
only 6–8 tautomers were presented for uracil (Tian et al.,
1999; Jalbout et al., 2007). The general structures of uracil tau-
tomers are shown in Fig. 1. For more simplicity, conforma-
tional isomers of uracil tautomers were neglected in this
study; but in some complexes in which there were meaningful
differences between interaction energies and different isomers,
these isomers were considered. Fig. 2 presents the optimized
structures of uracil tautomers and U-Ag+ complexes. In most
of the reported studies on uracil, U1 under the title of pyrim-
idine-2,4(1H,3H)-dione has been the major and most stable
tautomer of uracil and this tautomer has been only observed
in different media. The present calculations at both levels of
theory conﬁrmed this observation. Fig. 3 shows the relative
Gibbs free energies of all uracil tautomers at B3LYP/6-
311++G** and B3LYP/3-21G levels of theory.
According to this ﬁgure, the relative energies of uracil tau-
tomers at the higher basis set (6-311++G**) were found to be
as U1 < U2< U8 <U4 < U9< U6 <U5 < U7 <U3.
Two major tautomers increasing in energy level from U1 to
U2 and U5 to U7 could be observed. Inspection in the struc-
tures of tautomers displayed that aromatic ring, keto tautomer
(versus enol tautomer), N–H bond (versus C–H bond) and
C‚N double bond (versus N‚N double bond) were stabiliz-
ing factors for determining the relative stabilities of tautomers.
For example, U1 and U4 consisting of two carbonyl groups
were the ﬁrst and forth tautomers and U8 with aromatic ring
was the third tautomer in the stability ranking. However, U2
was the second tautomer in stability because it had three con-
jugated p-bonds. Moreover, since various tautomerism classesbetween nine uracil tautomers could be observed, the energy
differences for each class of tautomerism could be obtained
from Fig. 3. The keto-enol, imine-enamine and amide-iminol
tautomerism could be observed in uracil tautomers. For the
ﬁrst case, U5 was enol tautomer of U4 (keto) with 7.05 kcal/
mol higher energy level. However, U8 was the enol tautomer
of U7 with 18.70 kcal/mol lower energy level because U8 was
aromatic (like phenol). Additionally, U4, U3 and U7 are imine
tautomers of U1, U2 and U6, respectively. In all of them, the
enamine tautomer was more stable than the imine. Moreover,
U2, U3 and U9 were the iminol tautomers of U1, U4 and U1
with a higher energy level, respectively.
3.2. Optimized structures and energies of complexes of uracil
tautomers with Ag+
After optimization of uracil tautomers, their interactions with
silver ions were studied in all possible ways. By considering all
active places in each uracil tautomer in the interaction with sil-
ver ions, twenty stable U-Ag+ complexes were found. The
optimized structures of these complexes are shown in Fig. 2
and the most important optimized parameters are listed in Ta-
ble 1. To save space, only some of the parameters that were
more important are shown in the table. In addition, the same
numbering scheme was employed for deﬁning molecular
parameters in all tautomers and complexes and this numbering
scheme is depicted in Fig. 4.
The most important parameter for complexes is the dis-
tance between silver ion and the atom in uracil tautomer con-
nected to it. This distance can be used as a criterion of the
U1 U2 U3 U4 U5 
U6 U7 U8 U9 U1-Ag-1 
U1-Ag-2 U2-Ag-1 U2-Ag-2 U3-Ag-1 U3-Ag-2 
U3-Ag-3 U4-Ag-1 U4-Ag-2 U5-Ag-1 U6-Ag-1 
U6-Ag-2 U7-Ag-1 U7-Ag-2 U7-Ag-3 U8-Ag-1 
U8-Ag-2 U8-Ag-3 U9-Ag-1 U9-Ag-2 
Figure 2 Optimized structures of nine uracil tautomers and twenty uracil-Ag+ complexes.
Figure 3 Graphical representation for sorted relative Gibbs free
energies of all uracil tautomers at B3LYP/6-311++G** and
B3LYP/3-21G levels of theory.
Study of binding energies using DFT methods, vibrational frequencies and solvent effects S789strength of interaction between uracil and silver ion. The range
of this distance lay between 2.184 and 2.831 A˚ for Ag–O
distance and between 2.239 and 2.496 A˚ for Ag–N distance.
The normal bond length between Ag and N or O was two ang-
stroms. Therefore, these low distances might be due to the
interaction between silver ion and nitrogen or oxygen of uracil
tautomers (this claim will be discussed more by interaction
energies and other interaction parameters).
Since this paper focused on the interaction of uracil
tautomers and silver ions, the relative energies of different
complexes might be important. Table 2 consists of relative
Gibbs free energies of all U-Ag+ complexes at both levels of
theory. For better representation of energy data, all complexes
were sorted by relative energies and the results are depicted in
Fig. 5. According to these data, although U1 was the most
stable tautomer, two U2-Ag+ complexes were the most stable
complexes because, in U2, silver ions interacted with both
oxygen and nitrogen while, in U1, it only interacted with
Table 1 Selected optimized parameters for all tautomers and complexes. Bond lengths are in angstroms and angles are in degrees.
U1 U2 U3 U4 U5 U6 U7 U8 U9
C2–O7 1.212 1.213 1.201 1.203 1.212 1.345 1.330 1.343 1.345
C4–O8 1.215 1.342 1.339 1.210 1.343 1.216 1.208 1.343 1.217
C2–N3-C4 128.12 120.11 117.93 127.62 124.11 119.52 118.16 116.17 123.57
N1–C2–N3–C4 0.00 0.00 23.30 0.01 0.00 0.00 2.99 0.00 0.00
U1-Ag-1 U1-Ag-2 U2-Ag-1 U2-Ag-2 U3-Ag-1 U3-Ag-2 U3-Ag-3 U4-Ag-1 U4-Ag-2 U5-Ag-1
C2–O7 1.247 1.200 1.234 1.230 1.220 1.220 1.217 1.221 1.193 1.231
C4–O8 1.204 1.250 1.322 1.327 1.313 1.315 1.322 1.196 1.240 1.320
C2–N3–C4 127.20 127.22 119.63 120.52 118.63 118.43 119.67 126.20 126.71 123.05
N1–C2–N3–C4 1.17 1.16 0.08 0.09 1.16 2.13 0.26 0.39 0.14 0.23
Ag–O 2.195 2.184 2.368 2.442 2.404 2.350 2.442 2.421 2.203 2.444
C–O–Ag 148.99 146.30 94.37 91.44 97.36 98.80 94.82 95.77 157.20 90.49
Ag–N 2.430 2.364 2.388 2.451 2.358 2.403 2.361
U6-Ag-1 U6-Ag-2 U7-Ag-1 U7-Ag-2 U7-Ag-3 U8-Ag-1 U8-Ag-2 U8-Ag-3 U9-Ag-1 U9-Ag-2
C2–O7 1.324 1.367 1.308 1.348 1.308 1.348 1.355 1.328 1.327 1.343
C4–O8 1.239 1.200 1.225 1.945 1.222 1.320 1.327 1.358 1.270 1.201
C2–N3–C4 119.07 119.24 118.20 117.86 118.70 116.13 115.68 116.42 122.64 123.49
N1–C2–N3–C4 0.01 4.78 0.91 0.76 0.14 0.01 0.07 0.62 1.06 0.35
Ag–O 2.307 2.410 2.377 2.580 2.477 2.674 2.524 2.551 2.179 2.831
C–O–Ag 99.35 83.67 96.22 93.14 92.30 86.92 91.15 90.62 143.74 82.80
Ag–N 2.496 2.486 2.438 2.288 2.343 2.254 2.300 2.295 2.239
C5
C6
N1
C2
N3
C4
O7
O8
Figure 4 The numbering scheme used for deﬁnition of param-
eters in all structures.
S790 H. Tavakoloxygen. Therefore, the more powerful interactions existing in
the U2 complexes made them more stable. The relative
stabilities of all complexes at the higher energy level were
found to be: U2-Ag-2 > U2-Ag-1 > U1-Ag-2 > U6-Ag-1
> U8-Ag-1 > U1-Ag-1 > U5-Ag-1 > U4-Ag-1 > U8-Ag-
> U9-Ag-2 > U8-Ag-3 > U7-Ag-3 > U9-Ag-1>U3-Ag- >
U7-Ag-1 > U3-Ag-2 > U4-Ag-2 > U3-Ag-3 > U7-Ag-2 >
U6-Ag-2. Two parameters affected these stabilities. The ﬁrst
factor is the relative energy of tautomer (like U1 and U2 com-
plexes) and the second is the number and strength of interac-
tion between tautomers and silver ions. All complexes except
U6-Ag-2 had a planar interaction that showed more powerful
interaction in the planar state and only the non-planarTable 2 The relative energies (kcal/mol) of all uracil-Ag+ complex
Relative energy U1-Ag-1 U1-Ag-2 U2-Ag-1 U2-Ag-2 U3
3-21G 4.42 0.63 0.18 0.00 29.
6-311++G** 6.30 1.98 0.03 0.00 22.
U6-Ag-1 U6-Ag-2 U7-Ag-1 U7-Ag-2 U7
3-21G 3.20 46.22 33.91 42.00 27.
6-311++G** 3.71 43.32 25.43 34.75 20.complex was the least stable one. Another important aspect
of these complexes is the nonlinear interaction of silver ion
oxygen and nitrogen. For example, in U9-Af-1, U4-Ag-2 and
both complexes of U1, the angle of C–O–Ag was in the range
of 143–157 degrees. These nonlinear interactions showed that
the nature of interaction between silver ions and uracil tautom-
ers is non-electrostatic or covalent interaction because, in the
electrostatic interaction, this angle should be closed up to
180 degrees. However, it seems that, in various complexes of
one tautomer, the less hindered complex is more stable than
the complex of the more hindered tautomer.
3.3. Vibrational spectra of uracil tautomers and their complexes
IR frequencies have important contributions to many research
areas in chemistry because of the sensitivity of IR spectra to
the structure of molecules and environmental factors that is
different from one tautomer to another. Therefore, it can pro-
vide ﬁngerprint information and has been used to study vari-
ous tautomeric systems (Chen et al., 2002). In this study, the
IR frequencies for all tautomers and complexes were calcu-
lated but only some data were selected for presentation.
The graphical representation of the simulated IR spectra of
three low-energy tautomers and complexes in comparison withes calculated in the gas phase.
-Ag-1 U3-Ag-2 U3-Ag-3 U4-Ag-1 U4-Ag-2 U5-Ag-1
26 33.85 34.98 15.52 32.63 7.15
52 26.60 27.91 11.43 27.00 6.83
-Ag-3 U8-Ag-1 U8-Ag-2 U8-Ag-3 U9-Ag-1 U9-Ag-2
90 10.11 15.48 22.07 39.47 34.08
22 5.69 11.59 17.62 20.36 15.39
Figure 5 Sorted relative Gibbs free energies of all uracil-Ag+ complexes at B3LYP/6-311++G** and B3LYP/3-21G levels of theory.
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Fig. 6 and Table 3. The data presented in this ﬁgure showed
that the U1 (as a major tautomer) had the nearest spectrum
to the experiment. However, some vibrational modes in other
tautomers seemed to be the same as the experiment. This
observation was a reason for the existence of other stable tau-
tomers in equilibrium with the major tautomer. There is not
much discussion on the IR spectra of tautomers in this paper
because these spectra have been fully considered in previous
studies and the focus of this study was on U-Ag+ complexes
(Ten et al., 2010).
Fig. 7 presents graphical description of the simulated IR
spectra of three low-energy complexes of uracil tautomers
and silver ions. Moreover, to gain better insight and to discuss
the important vibrational frequencies in all complexes, Table 3
presents the corrected IR frequencies for NH and OH, existed
double bonds (C‚C, C‚N or C‚O) and the relative vibra-
tions of silver ions versus uracil tautomer (only in complexes).
It is important to note that in all calculations, intramolecular
hydrogen bonding was not considered; therefore, in all IR
spectra (like the spectra shown in Figs. 6 and 7), NH or OH
vibrations are sharper and have higher values than the one
in the experiment. The top two spectra shown in Fig. 7 be-
longed to two conformational isomers (U2-Ag-1 and U2-Ag-
2, which were different only in the angle of OH bond versus
main ring). Despite this, the presented spectra showed that,
in U-Ag+ complexes, because of the effective interaction be-
tween silver ions and uracil tautomers, the spectra of the two
conformers were different in most of the vibrational modes.
In addition, the comparison between vibrational modes of
U3-Ag-2 versus U3-Ag-3 and U7-Ag-1 versus U7-Ag-3 (each
pair consisting of two conformers of one molecule) demon-
strated some meaningful differences between them and the
data shown in Table 3 conﬁrm these differences. In other com-
plexes, the conformers are not considered and only these three
cases are discussed here.
The comparison between the spectra of complexes in Fig. 7
with their tautomers’ spectra in Fig. 6 revealed another impor-
tant aspect of Fig. 7 (and also Table 3) which was the shifting
of most vibrations of complexes to the lower values versus the
parent tautomer. This effect rose from the absorption of bond-
ing electrons by silver ions, which made the bond weaker. Thevalue of wave number’s shift was more intensive (between 76
and 85 cm1) in the carbonyl groups of U1 and U2 which
are connected directly to the silver ion (C4–O8 in U1-Ag-2
and C2–O7 in both U2-Ag complexes) because p-bonds are
looser than d-bonds and were more easily attracted by silver
ions. Interestingly, frequency value of another carbonyl group
of U1-Ag-2 (C2–O7) that is placed away from the silver ion in
complex is more than that in tautomer. From the data listed in
Table 3, the same observations are found in all frequencies re-
lated to the C–O bonds (single or double) away from the silver
ion because, in these cases, silver withdrew the oxygen lone
pairs via C–O bond and this bond degree and also its fre-
quency increased.
The frequencies of all NH or OH bonds in complexes are
more than those in the parent tautomer, regardless to its dis-
tance from silver ion because, in these bonds, hydrogen does
not have a lone pair. In all situations, silver withdraw electrons
of d-bond and made it weaker. The ﬁnal part of Table 3 (rows
5 and 6 for complexes) consist of relative vibration of the
whole uracil tautomer versus silver ion and vice versa. The sim-
ple representations of these vibrations are depicted in Fig. 8.
These frequencies shown in Fig. 8 are out-of-plane bending,
in-plane bending and stretching. Out-of-plane bending in all
complexes lay in the range of 21.4–84.4 cm1, in-plane bending
lay between 37.4 and 108.4 cm1 and stretching modes were in
the range of 150.2–209.5 cm1. It seems that the strength of
these vibrations, especially stretching modes, could be related
to the strength of the interaction because the value of each
vibration is a function of harmonic oscillator strength. In the
next section (interaction energies), this relation will be dis-
cussed. As a result, these vibrations conﬁrm the existence of
effective interaction between uracil tautomers and silver ion.
Since the values of those frequencies are lower than the normal
bond vibrations, the strengths of these interactions are weaker
than that in the normal covalent bonds.
3.4. Interactions and their energies in the gas phase and solvent
In this section (and the next section), to continue the discus-
sion on the interaction energies, the quantity and quality of
binding energies are discussed. Moreover, since many biologi-
cal processes happened in solvents, the solvent effect on the
Figure 6 Simulated IR spectra of three low-energy tautomers (respectively from up to down: U1, U2 and U8) of uracil at the B3LYP/6-
311++G** level of theory in comparison with real spectrum (below).
S792 H. Tavakolcalculation of binding energies is also considered. The binding
energies are calculated for all complexes in the gas phase and
in four different solvents and the results are listed in Table 4.It can be found in the above table that the binding energies
(DGBE) in the gas phase were in general more negative than the
ones in the solvents because, in the solvent, the solvation of
Table 3 Scaled frequenciesa (for selected vibrations only) calculated at the B3LYP/6-311 + G(d,p) level of theory compared with the
experimental data (last column).
Corrected U1 U2 U3 U4 U5 U6 U7 U8 U9 Exp.
N–H or OH 3528.3 3636.5 3616.7 3463.7 3699.5 3663.7 3641.8 3685.0 3716.5 3106
3487.4 3504.7 3468.3 3527.9 3656.4 3458.1 3091
C2–O7 1748.8 1727.0 1749.4 1752.1 1727.2 1218.7 1244.2 1418.1 1262.2 1736
C4–O8 1714.8 1223.4 1208.5 1737.2 1250.8 1694.7 1731.9 1348.7 1719.8 1715
U1-Ag-1 U1-Ag-2 U2-Ag-1 U2-Ag-2 U3-Ag-1 U3-Ag-2 U3-Ag-3 U4-Ag-1 U4-Ag-2 U5-Ag-1
N–H or OH 3512.1 3491.1 3664.3 3687.4 3587.9 3628.7 3667.3 3437.0 3449.1 3672.7
3483.1 3468.9 3480.1 3478.6 3450.1
C2–O7 1663.2 1793.6 1651.5 1663.6 1683.0 1675.6 1688.7 1691.8 1790.1 1657.8
C4–O8 1761.6 1629.6 1463.6 1463.1 1267.0 1433.9 1399.7 1794.5 1665.0 1295.1
Out-planeb 29.4 61.3 74.7 81.0 72.5 77.4 84.4 48.0 47.9 68.0
In-planeb 57.4 46.0 69.7 82.1 104.5 66.7 77.6 99.4 37.4 96.0
Stretchingb 162.3 150.2 197.0 191.7 179.4 193.7 188.5 179.2 177.0 181.3
U6-Ag-1 U6-Ag-2 U7-Ag-1 U7-Ag-2 U7-Ag-3 U8-Ag-1 U8-Ag-2 U8-Ag-3 U9-Ag-1 U9-Ag-2
N–H or OH 3686.8 3617.9 3659.4 3621.5 3611.6 3661.1 3684.2 3714.3 3701.9 3686.4
3483.6 3393.6 3639.2 3644.7 3681.9 3447.9 3445.1
C2–O7 1566.9 1169.0 1423.6 1211.1 1397.5 1431.4 1402.8 1456.7 1574.5 1249.4
C4–O8 1616.4 1757.3 1662.9 1786.0 1676.7 1486.6 1471.1 1423.8 1574.5 1775.2
Out-planeb 67.2 33.9 31.0 45.8 53.5 71.1 60.6 60.1 21.4 57.8
In-planeb 70.4 66.3 74.4 108.4 84.0 93.9 96.8 95.9 43.5 83.7
Stretchingb 209.5 180.8 197.8 180.2 182.3 179.5 170.6 171.8 163.3 169.2
a All frequencies were reported in cm1.
b All of these modes are intramolecular vibrations between uracil tautomers and silver ions.
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This postulate conﬁrms the present data that showed, in all
solvents except water, DGBE has more positive value with the
increase of solvent’s dielectric constant. Water is an exception
because solvation energy in water is more complex than an-
other solvent and additional factors such as hydrogen bonding
have extensive effects on the solvation energies in water. The
values of DGBE in the gas phase are between 67.53 and
24.21 kcal/mol, in cyclohexane are between 37.04 and
+1.63 kcal/mol, in chloroform between 26.04 and +12.85,
in acetone between 20.40 and +19.69 and in water between
19.18 and 9.12. In all the solvents and in the gas phase, U6-
Ag-2 has the most positive amount of DGBE. Among all the
studied complexes, these complexes have an exclusive non-pla-
nar interaction between uracil and silver ion; therefore, these
complexes have the least stable tautomer (see Table 2) and,
more importantly, their solvations are very effective (because
of its non-planar interaction). These reasons can be responsible
for its binding energies. Moreover, the complexes with only O–
Ag interaction like U1-Ag1, U1-Ag-2, U4-Ag-2 and U9-Ag-1
have less negative binding energies than other complexes with
both O–Ag and N–Ag interactions.
In addition, a linear-like relation is found between the bind-
ing energies in all the solvents and in the gas phase and the fre-
quency of stretching vibrations of U-Ag+ (Table 3). These
relations for the gas phase and three solvents are shown in
Fig. 9. Although these relations are not completely planar,
they demonstrated that stretching vibrations of uracil tauto-
mer and silver ion is related to the binding energies of these
two species and, with the increase in frequency, the binding en-
ergy became more negative. In other words, these stretching
vibrations could be used as a criterion of interaction efﬁciency.3.5. Interaction parameters from AIM and NBO calculations
AIM and NBO calculations are used as two useful methods for
studying the interaction between uracil tautomers and silver
ion. The theory of atom in molecules (AIM) considered sepa-
rated atoms and their electron densities for obtaining the inter-
actions and other desired parameters. This simple and fast
method is one of the best methods for studying intermolecular
interactions. Three important values extracted from AIM cal-
culations are electron density (q) at the bond critical point,
Laplacian of electron density q (.2q) and ellipticity parameter
(e). These parameters for the interaction between uracil tau-
tomers and silver in all complexes are listed in Table 5. In addi-
tion, NBO charges are extracted from the calculations, but to
save space, these data were moved to the supplementary mate-
rials, Table S1.
The parameter listed in Table 5 can be employed for each
bond or interaction. Since in this study, only the interactions
of silver ion and uracil tautomers (at oxygen or nitrogen
atoms) are important, these parameters are extracted for the
critical point between each uracil tautomer and silver ion.
Moreover, in the present U-Ag+ complexes, the interactions
of silver ion with oxygen atom (O7 or O8) and with nitrogen
atom (N1 or N3) are obtained in all complexes and in most
(16 complexes) complexes, respectively.
The electronic density at critical point, q, is a positive value
related to the strength of the interaction between each two
atoms and with the increase in the interaction strength, q in-
creases. In the current complexes, the value for O–Ag interac-
tion and for N–Ag interaction lay in the range of 2.89 · 102–
7.52 · 102 au (0.029–0.075) and between 3.27 · 102–
6.73 · 102 au, respectively. These values show the effective
Figure 7 Simulated IR spectra of non scaled) of three low-energy complexes respectively from up to down: U2-Ag-2, U2-Ag-1 and U1-
Ag-2) of uracil-Ag+ at the B3LYP/6-311++G** level of theory.
S794 H. Tavakolinteraction between uracil tautomers and silver ion. Moreover,
the increase in q value of O–Ag interaction was the reason for
the decrease in the q of N–Ag interaction and the other way
around. For example, qO–Ag in U1-Ag1, U1-Ag-2, U4-Ag-2and U9-Ag-1 have the highest values because, in these com-
plexes, only the O–Ag interaction is possible and also qO–Ag
in U7-Ag-2, U8-Ag-1, U8-Ag-3 and U9-Ag-2 have the lowest
values because, in these complexes, qN–Ag had the highest
1. Out-of- plane bending 2. In-plane bending 3. Stretching 
Figure 8 A schematic presentation of intramolecular vibrational modes. Mode 1 was shown from besides of molecule.
Table 4 Binding energies (kcal/mol) for uracil-Ag+ com-
plexes in the gas phase and solvents.
Gas CyHex CHCl3 ACTN H2O
U1-Ag-1 44.05 12.34 5.74 0.85 4.46
U1-Ag-2 47.84 14.80 7.16 1.52 3.97
U2-Ag-1 63.22 33.56 19.11 10.48 12.66
U2-Ag-2 63.40 33.31 18.30 9.05 11.77
U3-Ag-1 60.72 31.30 16.60 7.48 10.10
U3-Ag-2 56.14 27.85 14.44 6.55 9.83
U3-Ag-3 55.01 26.61 12.93 4.62 8.34
U4-Ag-1 55.69 27.37 13.42 4.78 7.39
U4-Ag-2 38.57 10.62 4.73 0.44 5.11
U5-Ag-1 67.53 -7.04 21.38 11.57 13.27
U6-Ag-1 67.23 36.95 21.97 12.76 14.55
U6-Ag-2 24.21 1.63 12.85 19.69 9.12
U7-Ag-1 57.55 29.37 16.17 8.53 11.24
U7-Ag-2 49.46 22.40 9.71 1.93 5.11
U7-Ag-3 63.56 33.89 19.06 9.90 11.98
U8-Ag-1 58.45 28.99 14.56 5.57 7.99
U8-Ag-2 53.08 25.07 11.82 3.71 7.44
U8-Ag-3 46.49 20.20 8.50 1.38 7.54
U9-Ag-1 48.48 31.34 21.74 16.63 15.56
U9-Ag-2 53.86 36.20 26.04 20.40 19.18
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tion is related to the distance of atoms involved in the interac-
tion (Table 1).
The Laplacian of q (.2q) at critical points is a negative va-
lue related to the shared interaction of bond or interactions
and shows a charge concentration between two interacted
atoms. When the electron density between the two adjacent
atoms increased, its value became more negative. The value
of .2q followed the same pattern as that of q, meaning that
the complexes with the highest and lowest values (for both
O–Ag and N–Ag interactions) are the same with the complexes
with the highest and lowest q values. The .2q value for O–Ag
interaction lay in the range of 2.82 · 102 to 1.05 · 101 au
and, as far as N–Ag interaction is concerned, it lay between
2.40 · 102–7.67 · 102 au.
The last parameter, ellipticity (e), is the criterion of p-bond
character which increased in the single bond when the interac-
tion strength increased (by conjugation or other phenomena).
The value of e for O–Ag interaction and N–Ag interaction lay
in the range of 8.97 · 104–1.76 · 101 au and between
4.56 · 103 and 1.00 · 101 au, respectively. Since this param-
eter is a function of more variables such as conjugation withadjacent p-bond or lone pair, the values of this parameter
did not obey the same pattern as that of the previous parame-
ters and its values had a wider range. For example, the second
highest e value is observed in the N–Ag interaction of U6-Ag-2
(0.100) because this complex consisted of a non-linear interac-
tion between uracil and silver ion. No meaningful relationship
is obtained between e values and structural aspects of the pres-
ent complexes.
In the ﬁnal part of this study, NBO calculations are em-
ployed to obtain important interaction energies between the
orbitals of uracil tautomers and silver ion. Moreover, NBO
charges and hybridizations are calculated via the NBO meth-
od; however, to save space, the results are transferred to the
supplementary materials (Table S1). Table 6 consists of a num-
ber of second-order perturbation energies for charge transfer
between uracil tautomers and silver ion in the complexes. All
over Table 6, the silver ion acted as an acceptor and the inter-
actions with more than 2 kcal/mol energy are listed. As was ex-
pected, the most important donors are oxygen (O7 or O8) and
nitrogen (N1 or N3) lone pairs because the major interaction
of silver ion with uracil tautomers was occurred with oxygen
and nitrogen. Both oxygen lone pairs are electron donors in
the charge transfer interaction with the silver ion. Further-
more, in U1-Ag1, U1-Ag-2, U4-Ag-2 and U9-Ag-1, instead
of nitrogen atom, the p-orbital of C‚O bond acted as an elec-
tron donor. It is obvious that, in these complexes, silver ion
only interacted with oxygen and it did not interact with nitro-
gen atoms (Fig. 2 and Table 1). Therefore, both oxygen lone
pair and C‚O p-bond acted as a donor in the charge transfer
to the silver ion. The quantity of interaction energy of each do-
nor is related to the interaction strength. In most complexes,
there is a charge transfer with the interaction energy, which
is more than 8 kcal/mol. These data are the ﬁnal proof for
the stabilizing effect of silver ion with uracil tautomer and
could be used to deﬁne the most important tautomer of uracil
in the interaction with uracil.
3.6. Calculation of excited states and magnetic properties: UV–
Vis and NMR spectra
To ﬁnish our study, NMR chemical shifts (13C and 1H) and
UV–Vis electronic absorptions were calculated and compared
with the reported experimental values (SDBSWeb, 2011 and
Chernyshova et al., 2012). The results for NMR chemical
shifts are listed in Table 7 and for UV–Vis absorption values
are shown in Table 8.
Figure 9 Graphical representation for the linear relationship between binding energies DGBE, in (kcal/mol) and the frequency of
stretching vibrations of U-Ag+ in (cm1) in the gas phase (top left), cyclohexane (top right), chloroform below (left) and water below
(right).
Table 5 Interaction parameters (electron density, its laplacian of electron density and p-bond character) for interaction between uracil
tautomers and silver ions obtained from AIM calculations.
U1-Ag-1 U1-Ag-2 U2-Ag-1 U2-Ag-2 U3-Ag-1 U3-Ag-2 U3-Ag-3 U4-Ag-1 U4-Ag-2 U5-Ag-1
With O q (e/a0
3) 7.24E-02 7.52E-02 5.16E-02 4.46E-02 4.75E-02 5.04E-02 4.08E-02 4.76E-02 7.20E-02 4.61E-02
.2q (e/a0
5) 9.94E-02 1.05E-01 5.29E-02 4.25E-02 4.71E-02 5.15E-02 3.81E-02 4.76E-02 1.04E-01 4.47E-02
e 1.07E-02 1.22E-02 1.63E-03 3.05E-02 3.75E-03 8.97E-04 4.44E-02 4.92E-03 3.24E-02 2.66E-02
With N q (e/a0
3) – – 4.84E-02 5.40E-02 5.19E-02 4.87E-02 5.72E-02 4.93E-02 – 5.26E-02
.2q (e/a0
5) – – 4.54E-02 5.52E-02 5.16E-02 4.63E-02 6.12E-02 4.71E-02 – 5.20E-02
e – – 2.70E-02 4.25E-02 1.96E-02 2.49E-02 4.19E-02 2.07E-02 – 3.54E-02
U6-Ag-1 U6-Ag-2 U7-Ag-1 U7-Ag-2 U7-Ag-3 U8-Ag-1 U8-Ag-2 U8-Ag-3 U9-Ag-1 U9-Ag-2
With O q (e/a0
3) 5.81E-02 5.00E-02 4.98E-02 3.93E-02 4.08E-02 3.31E-02 4.07E-02 3.83E-02 7.49E-02 2.89E-02
.2q (e/a0
5) 6.27E-02 5.48E-02 4.99E-02 4.00E-02 3.74E-02 3.24E-02 4.20E-02 3.85E-02 1.02E-01 2.82E-02
e 1.76E-02 5.19E-02 1.82E-03 2.26E-02 4.28E-02 5.57E-02 2.50E-02 6.04E-03 1.60E-02 1.76E-01
With N q (e/a0
3) 4.18E-02 3.27E-02 4.77E-02 6.07E-02 5.67E-02 6.50E-02 6.01E-02 6.17E-02 – 6.73E-02
.2q (e/a0
5) 3.63E-02 2.40E-02 4.39E-02 6.61E-02 5.99E-02 7.27E-02 6.41E-02 6.59E-02 – 7.67E-02
e 4.56E-03 1.00E-01 2.85E-02 4.41E-02 4.69E-02 5.62E-02 5.20E-02 5.42E-02 – 6.54E-02
S796 H. TavakolThe calculated NMR chemical shifts of two most stable
tautomers (U1 and U2) show that both tautomers can play
an important role in the structure of uracil and our data have
a good agreement with the reported data. However, a large dif-
ference between calculated and observed NH and OH chemical
shifts is obtained because, in real spectrum, there is hydrogen
bonding between OH or NH hydrogens and oxygen or nitro-
gen atom. Therefore, the chemical shifts of these hydrogenswill be shifted to higher values while in theoretical methods,
single molecule is considered and hydrogen bonding is
neglected. When we compare the chemical shifts of tautomer
with complexes (ﬁfth and sixth rows), for complexes, because
of coordination to silver ion, the average of chemical shift
(and most of them) shifts to the higher frequency. The value
of this shift in U2-Ag-2 complex is much higher than that in
U1-Ag-2 because in the ﬁrst complex, silver ion is coordinated
Table 8 Three highest wavelength electronic (UV–Vis) absorptions in comparison with experimental absorptions (the most powerful
absorption is marked with bold letters and its oscillator strength was showed at the last row).
Absorption (nm) Exp. U1 U2 U1-Ag-2 U2-Ag-2
Absorptions (nm) 330.6 388.7 366.0 368.4 359.9
260.5 284.3 269.1 341.3 293.1
244.1 251.8 266.6 315.8 278.3
Oscillator strengths – 0.1154 0.0608 0.0356 0.0119
Table 6 The most important donor–acceptor interactions (second-order perturbation energies for charge transfer between U-AG+ in
kcal/mol) in all complexes obtained from NBO calculations. In all cases, the silver ion is the acceptor.
Donor U1-Ag-1 U1-Ag-2 U2-Ag-1 U2-Ag-2 U3-Ag-1 U3-Ag-2 U3-Ag-3 U4-Ag-1 U4-Ag-2 U5-Ag-1
OLP1 5.75 5.57 2.59 2.22 2.84 2.77 2.22 2.69 7.58 2.26
OLP2 6.16 7.28 9.54 2.03 5.97 9.09 6.85 5.62 2.05 5.88
NLP 9.81 10.79 8.84 9.40 11.13 8.42 10.32
COp 2.26 10.83 2.06
U6-Ag-1 U6-Ag-2 U7-Ag-1 U7-Ag-2 U7-Ag-3 U8-Ag-1 U8-Ag-2 U8-Ag-3 U9-Ag-1 U9-Ag-2
OLP1 3.17 3.00 2.60 3.50 2.14 2.93 3.45 3.44 4.95 2.33
OLP2 9.22 2.75 6.51 2.49 4.69 2.22 3.32 2.49 8.95 1.57
NLP 7.85 4.40 9.36 11.80 11.08 14.75 13.99 14.54 16.21
COp 2.12
Table 7 Calculated 13C and 1H NMR chemical shifts of two most stable tautomers and complexes in comparison with the
experimental chemical shifts.
Chemical shifts Exp. U1 U2 U1-Ag-2 U2-Ag-2
C2 152.27 161.77 153.66 150.55 164.41
C4 165.09 174.79 173.16 176.43 178.64
C5 101.01 110.84 92.13 99.29 98.08
C6 142.89 146.80 147.32 152.39 152.97
C5–H 5.47 6.00 5.68 5.88 5.86
C6–H 7.41 7.34 7.34 8.31 7.68
N1–H 10.82 6.70 6.87 8.09 7.83
N3–H or O8–H 11.02 7.80 5.55 8.22 6.25
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This observation is in agreement with the more stability of
U2-Ag-2 versus U1-Ag-2.
Table 8 shows a good agreement between experimental kmax
(244.1 nm) with a calculated value for U1 (251.8 nm). It is
noticeable that the other calculated absorptions have oscillator
strengths equal to or near zero and their absorption cannot be
observed (they have low e in real spectra) and both real and
calculated spectra show one predominant absorption signal.
Although our calculations show that, the UV–Vis absorption
shows a red shift after coordination of uracil to silver ion the
oscillator strength of absorption reduces after complexation.4. Conclusion
In this report, the effects of tautomerism on the vibrational
spectra, energies and binding energies of uracil and its com-
plexes with silver ion are studied. Nine tautomers for uracil
(U) and twenty complexes between different uracil tautomers
and silver ion are optimized and analyzed. DFT calculationsare used to calculate optimized parameters, IR frequencies
and energies and AIM and NBO methods are used for
obtaining more data on the interaction between uracil tau-
tomers and silver ion. The IR spectra depicted for three most
important tautomers and complexes show both silver ion and
tautomerism had a signiﬁcant effect on these spectra. The
analysis of the IR spectra of all tautomers and complexes re-
vealed that the frequency of C‚O p-bond near the silver ion
increased and, while being away from the silver ion, it de-
creases. The most stable tautomer is di-keto tautomer (pyrim-
idine-2,4(1H,3H)-dione), but its complex with silver ion is not
the most stable one because of its interaction with Ag+ only
at the oxygen atom. Moreover, binding energies are calcu-
lated in the gas phase and four solvents; in all solvents except
water, the increase of the solvent’s dielectric constant de-
creased the binding energy. Water is an exception because
the solvation energy in water is more complex than the one
in other solvents and some additional factors such as hydro-
gen bonding. The comparison of the binding energies and
vibration frequencies demonstrated a linear-like relationship
between the binding energies in all the media (four solvents
S798 H. Tavakoland the gas phase) and the frequency of stretching vibrations
of U-Ag+. Important AIM values such as electron density
(q), Laplacian of electron density q (.2q) and ellipticity
parameter (e) at the critical point are calculated. These
parameters conﬁrmed the effective interaction between silver
ion and oxygen and nitrogen atoms of uracil tautomers.
NBO calculations are used to obtain the second-order pertur-
bation energies for the charge transfer between U-AG+,
atomic charges and hybridizations for collecting more pieces
of evidence about the structure, properties and binding ener-
gies of the present complexes. At last, UV–Vis absorptions
and NMR chemical shifts of two most stable tautomers and
complexes are calculated and compared with experimental
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